Historically, formaldehyde has been used extensively by bulb growers to prevent the spread of basal rot (Fusarium oxysporum f. sp. narcissi) during the hot water treatment (HWT) of daffodil bulbs. A number of restrictions have been placed on the use of formaldehyde in the United States which have limited the number of growers that are able to use formaldehyde. During the past five years, a research program to identify potential formaldehyde replacements has been proceeding at WSU-Puyallup. One potential is chlorine dioxide, which has been used increasingly as a replacement for chlorine in the fruit and vegetable industries. Research has shown that the activity of chlorine dioxide in the presence of high levels of organic matter, such as that found in dump tanks, is not diminished as rapidly as chlorine. In addition, research has shown that chlorine dioxide has a higher biocidal activity on a ppm basis against several microorganisms in comparison with sodium hypochlorite, iodine, quaternary ammonium compounds, glutaraldehyde, and phenol. Results from our HWT basal rot trials indicate that chlorine dioxide at 5 to 10 ppm effectively controls Fusarium inoculum levels during HWT of daffodil bulbs and thus protects bulbs from the spread of basal rot. There was also no indication of any adverse effects on the growth of bulbs following treatment.
INTRODUCTION
Ornamental bulbs represent an important high value minor crop in western Washington. Over 90% of the field grown daffodils, tulips, and bulbous iris produced in the United States are grown on approximately 809 ha in western Washington (Gould, 1990; Krause,1991; De Hertogh and Le Nard, 1993) . One of the most important disease management problems currently facing the bulb industry in the United States is the loss of formaldehyde.
Hot water formaldehyde treatments (HWFT) have been used extensively by bulb growers since the late 1930's to control a number of important insect pests, nematodes and fungi associated with harvested bulbs (Boerema, et al., 1989; Byther and Chastagner 1993; Chastagner and Byther, 1985; Courtney ,1963; Dickens ,1979; Gould and Byther, 1979; Hague, 1972; Price and Briggs, 1977; Tompsett, 1975) . Although the addition of formaldehyde gives some slight improvement in nematode kill, its primary use is to prevent the spread of basal rot in the dip tank (Byther and Chastagner, 1993; Chastagner and Byther ,1985; Dickens ,1979; Gould and Miller, 1971; Gould and Byther, 1979; Moore, 1980; Price and Briggs, 1977; Winfield, 1970) . Basal rot is caused by the fungus Fusarium oxysporum f. sp. narcissii and occurs wherever daffodils are grown (Byther and Chastagner, 1993; Boerema and Hamers, 1989; Chastagner and Byther, 1985; Dickens, 1979) . HWFT have been an important component of growers basal rot disease management programs. Diseased stocks are generally treated for two to three years until the level of disease is reduced. Without formaldehyde, the temperature of the water is not high enough to prevent the spread of basal rot inoculum from diseased to healthy bulbs 268 during hot water treatment (HWT).
Agricultural uses of formaldehyde have been severely restricted in the U.S. by the Environmental Protection Agency. Currently, only a limited number of growers have third-party registrations which allow them to continue to use formaldehyde during the hot water treatment (HWT) of bulbs. The restrictions and potential loss of formaldehyde will have its greatest impact on daffodil growers because of the need to use HWT for the control of stem and bulb nematode, Narcissus bulb fly, various bulb mites, over summering inoculum of various fungal pathogens, and basal rot (Byther and Chastagner, 1993; Courtney, 1963; Gould and Byther, 1979; Hague ,1972; Tompsett et al. ,1977) .
The inability to control the spread of basal rot during HWT has the potential to result in the total loss of basal rot-susceptible but economically important cultivars such as 'Golden Harvest' and 'Dutch Master'. The Pesticide Management Division of the Washington State Department of Agriculture estimated that without a suitable replacement, the loss of formaldehyde would result in a $16 million loss to bulb growers in Washington.
Although growers can currently use nematicides to control stem and bulb nematodes, they have very few alternatives to formaldehyde to prevent the spread of Fusarium inoculum during HWT of bulbs. Linfield (1997) and Hanks (1992) have screened the activity of a number of general biocides and fungicides for their effectiveness in killing Fusarium chlamydospores in vitro. Research at WSU-Puyallup has identified several formulations of chlorothalonil, benomyl, and thiobendizole that are effective in controlling the spread of basal rot during HWT of daffodils (Chastagner, unpublished) .
Even with these alternatives, growers are still faced with the problem of maintaining minimal concentrations of these materials in dip tanks and disposal of the tank effluent after treatment. Ideally it would be desirable to have a system that automatically monitors and maintains the concentration of material in the dip tank and be able to neutralize it prior to its disposal. One potential is to use chlorine dioxide.
Chlorine dioxide is being used increasingly as a replacement for chlorine in the fruit and v egetable industries and a general water disinfectant in many industrial applications. This general biocide appears to have the potential to serve as a replacement for formaldehyde during the HWT of daffodil bulbs (Kaczur and Cawlfield, 1993; Roberts ,1994; Roberts and Reymond, 1994; Spotts and Peters, 1980) . The activity of chlorine dioxide in the presence of high levels of organic matter, such as that found in dump tanks, is not diminished as rapidly as chlorine (Benarde et al., 1965) . In addition, chlorine dioxide has a higher biocidal activity on a ppm basis than sodium hypochlorite, iodine, quaternary ammonium compounds, glutaraldehyde, and phenol (Tanner, 1989) .
Working with several postharvest pathogens of tree fruits, Roberts and Reymond (1994) showed that spores of Cryptosporiopsis perennans were killed when exposed to 1 ppm of chlorine dioxide for 30 seconds. Spores of Mucor piriformis were killed after a 4 minute exposure at 1 ppm or 30 second exposure at 3 ppm and spores of Penicillium expansum are killed after a 2 minute exposure at 3 ppm or a 30 second exposure at 5 ppm. Spores of Botrytis cinerea were killed after a 2 minute exposure at 5 ppm. Roberts and Reymond (1994) concluded that a concentration of about 3 to 5 ppm chlorine dioxide in the dump tank water should provide an effective control of spores and thus reduce the potential for various postharvest diseases.
CH 2 O International (Olympia, WA) is currently marketing automated systems to generate chlorine dioxide for a variety of agricultural uses. Using sensors and a computer controlled mixing system, their Fresh-Pak chlorine dioxide system is able to generate and maintain specific concentrations of chlorine dioxide for use in dipping tanks and wash lines. This system produces chlorine dioxide by mixing sodium chlorite with hydrochloric acid. During the past three years a series of test have been conducted to evaluate the effectiveness of chlorine dioxide in preventing the spread of Fusarium inoculum during the HWT of daffodil bulbs.
MATERIALS AND METHODS
To determine the effectiveness of chlorine dioxide in controlling the spread of basal rot during HWT of daffodils, a series of experiments were conducted in 757 liter dip tanks maintained at 43-44°C. A single isolate of F. oxysporum f.sp. narcissi (KMH-3) originally isolated from 'Mt. Hood' daffodils in 1993 was used in all tests. Chlamydospore inoculum was produced as described by and plastic jugs containing the talc inoculum mixture were stored at room temperature until used.
Prior to each test, the viability of the talc inoculum was determined by plating 1 ml aliquots of inoculum suspended in water from a standard dilution series onto peptone PCNB selective media (Nash and Snyder, 1962) . The number of viable colony-forming units (CFU) was determined by counting the Fusarium colonies on the plates after 72 hours incubation in the dark at 20°C. This procedure was also used to monitor changes in the concentration of inoculum during HWT tests.
In addition to monitoring changes in inoculum as described above, mesh bags containing 5 -mm-in-diameter disks of 'Dutch Master' daffodil scale tissue or 'Dutch Master' bulbs that had their noses cut off were also placed in the tanks to determine if the chlorine dioxide treatments were effective in protecting the disks and bulbs from basal rot. This was done by removing the mesh bags containing the disks upon completion of the HWT and rinsing them three times in sterile water. The disks were then plated onto peptone PCNB media and incubated at 20°C for 7 days, at which time the disks were examined for evidence of Fusarium.
The effectiveness of the chlorine dioxide treatments in protecting the cut bulbs from infection was determined by incubating the mesh bags of bulbs in sealed plastic bags at 25°C for 72 hours upon removal from the dip tanks. The bulbs were then removed from the plastic bags and incubated for an additional 11 days prior to rating them for basal rot development. Ratings were done by cutting each bulb in half and rating the severity of basal rot symptoms based on a 0 to 3 scale, where 0=none and 3=severe.
Tank Studies
Three tests were done to examine the effect of chlorine dioxide on the viability of chlamydospore inoculum. The concentrations of chlorine dioxide in the tanks during these tests were monitored with test kits based on the standard chlorophenol red colorimetric test methods (Kaczur and Cawlfield, 1993; Wheeler and Lott, 1979) . In the first test, inoculum and three mesh bags containing 30 disks of scale tissue were added to a tank containing water alone and a tank containing 1 ppm chlorine dioxide. Samples of water were periodically removed from each tank to determine the effects of the chlorine dioxide on inoculum levels as described above. The disks of scale tissue were removed after exposure to the inoculum for 2 hours. In the second test, inoculum, 3 mesh bags containing 30 disks of scale tissue, and five mesh bags containing 10 cut bulbs were added to tanks containing water and chlorine dioxide at 1.5 ppm. In the third test, inoculum, disks, and bulbs were added to tanks containing water and 2.5 ppm chlorine dioxide. Three bags containing cut bulbs were also placed in a tank of water without inoculum. The second and third tests were also run for 2 hours.
Field Study
A field study was conducted to compare the effectiveness of adding chlorine dioxide to formaldehyde in preventing the spread of basal rot during the HWT of 'Dutch Master' bulbs. Bulbs were given a four-hour-long hot water treatment at 43-44°C between September 29th and October 1, 1998. Treatments consisted of bulbs that were given a HWT in water alone, 0.5% formaldehyde, and 5 or 10 ppm chlorine dioxide. Bulbs that were not given a HWT were also included as an additional check. Upon removal from the treatment tanks, the bulbs were planted in the field. The planting density was 17.936 kg/ha and the experimental design was a randomized complete block with 5 blocks containing 4 m long sections of row per treatment. The plot was located at WSUPuyallup and bulbs were planted in rows on 1.1 m centers. Prior to planting, the plot was fertilized by incorporating Osmocote 18-6-12 @ 448.4 kg/ha in a 20 to 30 cm wide band just below the soil surface within the rows where the bulbs were to be planted. Weeds were controlled with an application of napropamide at 4.48 kg ai/ha plus 2% Roundup Ultra on October 28, 1998.
The effect of the treatments on the rate of foliage dieback the following spring was evaluated prior to harvesting the plot during mid July, 1999. Harvested bulbs were allowed to air dry prior to cleaning. The percentage of disease bulbs was determined by cutting the bulbs into pieces and examining them for basal rot.
RESULTS AND DISCUSSION

Tank Studies
In the first test, the levels of inoculum levels were relatively low (155 CFU/ml) 2 to 3 minutes after the inoculum had been added to the tank and no viable inoculum was detected in the tank that contained 1 ppm chlorine dioxide. Only 7.8% of the disks of scale tissue became infected following the 2 hour long exposure to inoculum in water and none of the disks treated with chlorine dioxide were infected.
In the second test, inoculum levels was slightly higher (288 CFU/ml) when the first sample was taken from the tank containing water 2-3 minutes after the inoculum was added. After 1 hour, the level of inoculum in the water dropped 78.6% and after 90 minutes no viable inoculum was detected in this tank. Within 2 -3 minutes of adding inoculum to the tank containing 1.5 ppm chlorine dioxide, no viable inoculum was detected. Exposure of the disks of scale tissue to inoculum in the water resulted in 70% infection. Only 1.1% of the disks were colonized when exposed to inoculum in the tank with chlorine dioxide. When the cut bulbs were exposed to inoculum in water for 2 hours, 98.7% became infected and they had a disease severity rating of 2.4. Approximately 20% of the cut bulbs placed in water alone also showed symptoms of basal rot, indicating that some of the bulbs were already infected at the start of the test or became contaminated during the testing procedures. The chlorine dioxide treatment significantly (P=0.05) reduced the percentage of bulbs that became infected and disease severity rating. Only 1.3% of the bulbs in the chlorine dioxide treatment became infected and they had an average disease severity rating of less than 0.1.
Higher inoculum levels were used in the final test. Approximately 1 minute after adding inoculum to the tank containing just water, the inoculum level was 1717 CFU/ml. Inoculum levels dropped by 67.7, 74.5, 94.2 and 99.8% in this tank after 30, 60, 90, and 120 minutes, respectively. In the tank with 2.5 ppm chlorine dioxide, no viable inoculum was detected 5 minutes after the inoculum was added to the tank All of the disks of daffodil scale tissue became infected when exposed to inoculum in the water during this test. The chlorine dioxide prevented any of the disks from becoming infected and significantly reduced the percentage of wounded bulbs that became infected from 61.2% in the water plus inoculum tank to 2.4% in the 2.5 ppm chlorine dioxide tank.
Field Studies
Compared to the bulbs that were not given a HWT (dry checks), bulbs which were treated in hot water alone had foliage that died back earlier in the spring, reduced yields and very high levels of basal rot (Tables 1 and 2 ). Adding formaldehyde and chlorine dioxide to the hot water significantly delayed foliage dieback, increased yields and reduced the levels of basal rot compared to hot water alone (Tables 1 and 2 ). Chlorine dioxide was as effective as formaldehyde in protecting bulbs from basal rot and increasing yields.
The results from these studies indicate that chlorine dioxide can effectively control the spread of Fusarium inoculum during the HWT of daffodil bulbs and thus protect bulbs from the spread of basal rot during HWT. A concentration of 5 ppm was as effective as adding 0.5% formaldehyde in protecting bulbs during a four hour long HWT. The use of automated systems to monitor and maintain the concentration of chlorine dioxide during the HWT of bulbs provides growers with a consistent way to control the spread of basal rot during this important general pest management process. Additional work needs to be done to determine if the use of chlorine dioxide has any beneficial effects on the overall efficacy of the HWT in controlling other diseases and pests. Given the rapid kill of inoculum upon exposure to chlorine dioxide, tests are also needed to determine if it is possible to reduce the concentration of chlorine dioxide in the tank after a short period of time and still effectively control the spread of basal rot during the HWT of daffodils. The percentage of foliage that was still upright was rated on May 28, 1999 using a 0 to 10 scale where 0 = none, 1 = 1-10%, 2 = 11-20%, 3 = 21=30%, ... and 10 = 91 to 100% of the foliage was still upright. 2 Foliage color was rated on a scale of 0 to 10 where 0 = dead, 1 = 1-10%, 2 = 11-20%, 3 = 21=30%, and 10 = 91 to 100% of the foliage was still green. 3 Numbers in vertical columns followed by the same letter are not significantly different, P=0.05, Duncan's multiple range test. 
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